Abstract-In this work, based on the principle of the electromagnetic reflection and transmission, we first present a theoretical analysis of a super-resolving lens with anti-reflection and phase control coatings (ARPC). This ARPC is capable of reducing the reflectivity of superlens surface and making phase difference approaching zero. The principle of ARPC is discussed in detail and the engineer condition for super-resolution imaging is obtained and the best range of the permittivity of ARPC coatings is obtained. The results demonstrate that the subwavelength resolution of our lens with ARPC has been enhanced. Such remarkable imaging capability using ARPC promises new potential for nanoscale imaging and lithography.
INTRODUCTION
In 2000, Pendry [1] showed that a simple noble metal slab, as named left-handed material [2] [3] [4] [5] [6] , which was called superlens, displayed negative refraction [7] [8] [9] [10] [11] [12] of the Poynting vector for TM polarized light and was capable of enhancing evanescent waves. So far, many approaches of imaging beyond the diffraction limit with superlens have been reported [13] [14] [15] [16] [17] [18] . The performance limit of the metallic superlens was associated with the intrinsic losses of metal. Many theories and experiments demonstrate that the phase control of the superlens is profoundly important in realizing nano-scale imaging beyond the diffraction limit [19, 20] . The real part (ε ) of permittivity of the metal slab has been preferably index matched to the host material (free space in this case, ε = −ε h = −1) and the image part of metal's permittivity (ε ) is considered to prevent ideal reconstruction of the image [21] , which is regarded as an ultimate limitation to a near field perfect lens. Recently, Ref. [22, 23] have presented some solution methods, which can enhance the resolving capabilities by tuning the wavelength of the incident light. However, the transmittance through a metal film is quite low and decreases exponentially with the thickness of the metal film. The low transmittance of metals limited their operating range to wavelengths in the vicinity of the plasma frequency and leads to the low intensity in the image plane, which cause the low image contrast and the low resolution. The transmittance can be improved with multilayer metal/dielectric stack [24, 25] , but the original proposal was based on very thin layers (5 nm thick) which are difficult to fabricate.
In this manuscript, an Anti-Reflection and Phase Control coatings superlens (ARPC-superlens) model is firstly presented to get better values of transmittance and resolving capabilities. Based on electromagnetic theory, the matching conditions and constraint relations are discussed. Simultaneously, when the minimum reflectivity and the minimum phase difference are satisfied, the best range of the permittivity of ARPC coatings is obtained. Utilizing the numerical analysis, phase transfer function (PTF), light intensity distributions and image contrast of ARPC-superlens are compared with the superlens without ARPC. All these research results indicate that the super-resolution can be remarkable improved by utilizing ARPC.
ANTI-REFLECTION AND PHASE CONTROL COATINGS SUPERLENS
The proposed ARPC-superlens model is made of a superlens and two thin films, as shown in Figure 1 . Suppose that in vacuum, our model Figure 1 . The ARPC-superlens sample structure.
is located in x-z plane between z = 0 and z = d l3 ; the thickness of two ARPC films and Ag slab are d 1 , d 3 and d 2 , respectively. The normal wave vector is along z-axis. We define five regions according to the z values. Region I and V are for z < 0 and z > d l3 , i.e., the region of the air, which permittivity is ε 1 = 1; region II and IV cover 0 < z < d l1 and d l2 < z < d l3 , i.e., the region of the ARPC films, which permittivity are ε 2 and ε 4 , respectively; region III is d l1 < z < d l2 , i.e., the region of the superlens, which permittivity is ε 3 (ε 3 = ε + iε ).
We assume k x is the transverse wave vector and k [22] , when TM mode light is incident, the electrical field and the magnetic field in the five regions can be expressed as:
where R and T denote the reflection and transmission coefficients, respectively, A 1,2 and C 1,2 are coefficients for the waves inside the ARPC, respectively, and B 1,2 are coefficients for the waves inside the superlens.
In the present case, the boundary conditions state that k ix , and
, and z = d l3 , we can get the matrix form by using the electromagnetic theory method concerned as Ref. [26] :
where
So the transmission coefficient and reflection coefficient can be
So the phase transfer function (PTF) can be expressed:
The argument of tan −1 term is supposed to be zero for zero-PTF condition, which means the phase difference is zero in the image plane. Now, the zero-PTF matching condition is discussed. By making Eq. (4) to be zero, we can obtained the constraint relations for zero-PTF:
(6) Next, we can get the constraint conditions for minimum reflectivity by using the reflection coefficient formula. By making Eq. (3) to be the minimum value, the constraint condition for minimum reflectivity can be obtained
The wavevector relation can be expressed as
The superlens can enhance evanescent waves to achieve superresolution by existing Surface Plasmon Wave (SPW) on the two interfaces of metal/medium. In order to analyze the superlens work, we get the dispersion relation of SPW by using the boundary conditions and Eq. (9)
= 1, and we can obtain
where k
are the transverse wave vector on the top or bottom Ag slab, separately.
So, when d 2 → ∞, both two interfaces can exist SPW, and these SPW are uncorrelated each other; when d 2 is small, these SPW are coupled and split into two modes, i.e., the symmetric mode and antisymmetric mode, in the thin metal film [27] [28] [29] [30] [31] [32] .
NUMERICAL SIMULATIONS
The software of COMSOL Multiphysics and Matlab are used for simulation. In following figures, the units of x and z are meter. Here we use the following parameters: The thickness of Ag slab is 30 nm [22, 33] , and the thicknesses of ARPC coating are 15 nm. Firstly, we discuss the constraint relations for zero-PTF. Figure 2 shows the PTF of the ARPC-superlens as a function of k x /k 0 when the Eq. (5) is satisfied or isn't satisfied, respectively. And ε 2 + ε 2 = 1 can be realized by changing the working wavelength [22, 23] . It is obvious that the PTF approaches zero after the off-resonance regime while the spatial frequency (k x /k 0 ) increases when ε 2 ε 4 and ε 2 + ε 2 tend to be one. These conclusions reconfirm that the phase can be retrieved in the control of the constraint relations for zero-PTF, and the results are consistent with Ref. [22] .
Following, we further discuss the constraint conditions for minimum reflectivity. Figure 3 shows the values of ε 3 depending on ε 2 (ε 4 = 1/ε 2 ), which are calculated by Eqs. (7) and (8) . It is obvious that |ε | > 1, so Eq. (5) is not satisfied. When the minimum phase difference need to be satisfied, the range of ε 2 is 1.1 ∼ 1.5 in order to satisfy constraint relations for zero-PTF. And Figure 4 shows |R| as a function of k x /k 0 depending on the different permittivity of ARPC-superlens. ARPC can effectively reduce the reflectivity while the spatial frequency (k x /k 0 ) increases. The reason is that the surface plasmon resonance (SPR) is increased. Because of significant intrinsic loss (ε > 0), the impedance-mismatched cases can exist SPR to improve the near-field image [23, 34, 35] . The ARPC coatings will change the optical path of superlens. The mismatched dielectric allows the SPR towards larger values of the evanescent wavevector, which are associated with surface plasmons that propagate parallel to the metal/ARPC interfaces. The ARPC coatings reduce the oscillations in the reflectance and make more energy to exist SPR. So, more evanescent waves will participate in the imaging process. This is beneficial for the formation of high resolution images with superlensing process, as shown in Figure 5 . From the Figure 4 and Figure 5 , we can obtain that there are higher transmittance of evanescent wave under the constraint relations for zero-PTF compared to the superlens without ARPC. The higher transmittance and zero-PTF can be realized at the same time, which can improve super-resolution. Following, Figures 6(a) and (b) show the magnetic field intensity distribution of the ARPC superlens and a superlens without ARPC, respectively. It is obvious that the magnetic field intensity of ARPC superlens is stronger. And this reconfirms the above conclusions.
Lastly we examine the imaging resolution on an image plane. Figure 7 shows the lateral intensity distributions through the double slits of 20 nm slit width. Whether the double-slit can be distinguished in the image plane is dependent on the minimum value of intensity at the central location. So the employment of ARPC can effectively improve the image visibility. And by using the image contrast formula
we can obtain that the image contrast of ARPC-superlens is about 0.61, compared to 0.38 of the superlens without ARPC, so the image contrast can be greatly improved by ARPC. The reason is that intrinsic loss of absorption in the Ag slab superlens turn out to add a blurring effect Figure 4 . The reflectivity of the ARPC superlens imaging model is depicted vs k x /k 0 corresponding to virtually changing ε 2 , ε 4 , ε 3 . to the ideal image reconstruction for the impedance match case [23] , so the optimized image quality can be obtained with the impedance mismatch case. Therefore the ARPC can reduce the reflectivity and make the PTF to approach zero at the same time.
CONCLUSION
In conclusion, we successfully applied ARPC to superlens imaging system and verified the significant enhancement of the image contrast and resolving capability. ARPC is capable of reducing the reflectivity of superlens surface and making phase difference approaching zero at the same time. This model is believed to be applicable to optical nanoimaging, nanolithography, and biomedical sensing.
